Abstract. In this paper, a tuning method of a resonant circuit suited for wireless powering of miniature endoscopic capsules is presented and discussed. The method allows for an automatic tuning of the resonant frequency and matching impedance of a full wave rectifier loading the resonant circuit. Thereby, the receiver tunes so as to obtain the highest power efficiency under given conditions of transmission. A prototype receiver for wireless power reception, fabricated in in AMS CMOS 0.35 µm technology, was used to verify correct operation of the proposed tuning. The prototype system produces a stable supply voltage, adjustable in the range of 1.2-1.8 V at a maximum output current of 100-67 mA, which is sufficient to power a typical endoscopic capsule. results of detailed analysis and experimental measurements show that with large changes of coupling, tuning of the resonant frequency and impedance adjustment must be applied in order to achieve sufficiently high efficiency of power transmission. The problem of a proper selection of a tuning circuit for biomedical sensors is further complicated by the need to obtain small size, and a requirement to work with a rectifier. Several types of tuning circuits for adaptation to changes in coil position were proposed in [3, [5] [6] [7] [8] . Although the proposed solutions improve the transmission efficiency, they have certain limitations. For example, the solution [3] requires changes in distance between a coil and its coupling winding, which makes miniaturization impossible. Another tuning circuit, presented in [5] cannot work with certain rectifiers, because the circuit uses a matrix of capacitors that blocks flow of DC current required for proper operation of the rectifier. The solution [6] allows only for a limited adjustment to specified distance between transmitting and receiving coils, and therefore has a limited range of effective application. The other variants [7, 8] only use frequency tuning, which considerably limits possibility of obtaining high efficiency of power transmission. In this paper the most difficult case, namely the wireless power transmission to an endoscopic capsule is considered. In this way, the proposed solution might find much wider application, both for powering the capsules as well as powering simpler devices while providing higher transmission efficiency than was previously possible to achieve. Furthermore, the tuning circuit can work with all types of rectifiers and can be largely miniaturized. In Section 2 conditions of power transmission to endoscopic capsules are outlined and discussed. The proposed tuning method and a tunable receiver for wireless power reception are presented in Section 3. In the next section results of measurements of an integrated prototype circuit are given. The final conclusions are summarized in the last section.
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Introduction
In recent years, wireless power supply systems are frequently used to provide power to electronic equipment [1, 2] . Systems of this type differ in terms of transmission range and level of transmitted power. For example, wireless chargers for smartphones or toothbrushes transmit several watts of power over relatively small distance of 1-2 cm. Such systems are simple in construction because power receiving devices can be easily positioned at the optimum location for power transmission. Therefore, transmission conditions are quite repeatable and for this reason no additional tuning circuit is required. The situation is completely different when power is delivered to certain biomedical sensors. The most difficult power supply conditions are in the case of endoscopic capsules. Although in these capsules supplied power is relatively small (100-150 mW), large changes in transmission conditions occur. During diagnostic tests a capsule moves along the gastrointestinal tract and its position changes. The changes in distance and position of a capsule relative to a circuit sending power result in changes of coupling, which in turn causes variation of received power level. For this reason, in order to ensure a constant power level, it is necessary to apply additional mechanisms to control volume of received power and if it is too low -start tuning to the optimal conditions. The scale of the difficulty of this problem may be illustrated by the fact that in the worst case, coupling intensity between a capsule and a transmitter decreases by two orders of magnitude, which means that the level of received power is reduced by four orders of magnitude.
The problem of wireless power transfer between coupled coils was analyzed in many papers, for example in [3] [4] [5] [6] [7] [8] G. Blakiewicz, J. Jakusz, W. Jendernalik, and S. Szczepański
Conditions of power transmission to endoscopic capsules
As mentioned in the introduction, the most difficult is the transmission of power to endoscopic capsules. In typical systems coils of relatively large size (15-30 cm in diameter), placed around body of a patient, are used for sending power. Due to limited size of a capsule, a receiving coil has very small dimensions, not greater than 1 cm in diameter. The distance between the coils can vary between several cm up to 25 cm, in the worst case. Taking into account the arrangement of the coils and the range of distance between them, one can estimate the magnetic coupling coefficient using [9] ETIN OF THE POLISH ACADEMY OF SCIENCES: TECHNICAL SCIENCES < ons, not greater than 1 cm in diameter. The distance the coils can vary between several cm up to 25 cm, in st case. Taking into account the arrangement of the d the range of distance between them, one can estimate netic coupling coefficient using [9] 
k is the magnetic coupling, r Rx and r Tx are the radii of eiving and transmitting coils, and x is a distance them. Although the equation assumes that both coils allel and center aligned with only air between them, r it allows a good estimation of the order of the g changes. It should be mentioned that the influence of s misalignment can be minimized using a special power tting system composed of three coils, as described in r the assumed data, the coupling coefficient varies in e k ≈ 0.2-0.001. For two coils system, the maximum ble power efficiency  can be determined based on
Q Rx and Q Tx are the quality factors of the unloaded g and transmitting coils. The equation (2) is derived he conditions of the optimal matching, which can be d by referring to Fig. 1 . , and when the equivalent series ce R eq,Rx of the receiving coil is optimal, equal to [11] adapt the resistance R eq,Rx to every change of separation x and actual value of the current consu biomedical sensor, which depends on its activity. T changing of the equivalent resistance R eq,Rx w impractical, because the resistance R eq,Rx depend unloaded coil quality Q Rx which is related to its con and cannot be easily modified. Moreover, accordi equation (2), deliberate reduction of the quality fact example by introduction of additional series resista circuit, would reduce the system overall power effici this situation, a much better method of achieving th conditions is to transform the load resistance R L to meets the condition (3). One of the impedance trans circuits, shown in Fig. 2 , can be utilized to accom task. Each circuit presented in Fig. 2 can transform resistance to the optimal value by a proper selecti
, but each variant has limita circuit in Fig. 2a [5] can be easily implemented matrixes of switched capacitors, but cannot be a match impedance of a full wave rectifier connected b It is because such a rectifier require a DC current proper operation. A serious disadvantage of the circ 2b is the need of using two variable inductances, wh be implemented in a miniature medical sensor. A solution to the outlined problem is presented in section.
Tuneable receiver for wireless reception
The proposed tuning circuit is shown in Fig. 3 . T consists of a coil with a tap and two matrixes of ,
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where R L is the load resistance on which received power is dissipated. Assuming coils quality factors Q Rx = Q Tx = 150, and the previously calculated range of the coupling coefficient k, the maximum achievable power efficiency may vary from 92% to 0.95% for the coil separation ranging from 5 cm to 25 cm. It is important to notice that the optimal equivalent resistance (3) depends on both the coupling coefficient k and the load resistance R L . Thus, the perfect tuning system should (3) where R L is the load resistance on which received power is dissipated. Assuming coils quality factors Q Rx = Q Tx = 150, and the previously calculated range of the coupling coefficient k, the maximum achievable power efficiency may vary from 92% to 0.95% for the coil separation ranging from 5 cm to 25 cm. It is important to notice that the optimal equivalent resistance (3) depends on both the coupling coefficient k and the load resistance R L . Thus, the perfect tuning system should adapt the resistance R eq, Rx to every change of the coils separation x and actual value of the current consumed by a biomedical sensor, which depends on its activity. The direct changing of the equivalent resistance R eq, Rx would be impractical, because the resistance R eq,Rx depends on the unloaded coil quality Q Rx which is related to its construction, and cannot be easily modified. Moreover, according to the equation (2), deliberate reduction of the quality factor Q Rx for example by introduction of additional series resistance to the circuit, would reduce the system overall power efficiency η. In this situation, a much better method of achieving the optimal conditions is to transform the load resistance R L to value that meets the condition (3). One of the impedance transformation circuits, shown in Fig. 2 , can be utilized to accomplish that task. The maximum power efficiency (2) is achieved only when frequency of transmitted signal is tuned to the system resonant frequency f r = (2π √ L Rx C Rx ) -1 , and when the equivalent series resistance R eq, Rx of the receiving coil is optimal, equal to [11] Each circuit presented in Fig. 2 can transform the load resistance to the optimal value by a proper selection of the capacitances ra-
but each variant has limitation. The circuit in Fig. 2a [5] can be easily implemented using two matrixes of switched capacitors, but cannot be applied to match impedance of a full wave rectifier connected before R L . It is because such a rectifier require a DC current path for a proper operation. A serious disadvantage of the circuit in Fig. 2b is the need of using two variable inductances, which cannot be implemented in a miniature medical sensor. A practical solution to the outlined problem is presented in the next section.
Tuneable receiver for wireless power reception
The proposed tuning circuit is shown in Fig. 3 Automatic tuning of a resonant circuit in wireless power supply systems for biomedical sensors works suboptimally. In this case, a necessary condition for obtaining the optimal operation is to use the coils with much greater quality factor, which is difficult to achieve in practice.
The main idea of a tunable receiver for reception of wireless power is presented in Fig. 4 . The receiver consists of two programmable capacitor matrixes used to adjust capacitances C'' Rx and C' Rx , shown in Fig. 3 . The electric energy captured by the coil L 1 is processed by a full wave bridge rectifier, connected to the tap, and next is filtered by an energy storage capacitor C f . The level of the supply voltage V o is controlled by a power management circuit, which additionally monitors volume of received energy and protects against excessive increase of the supply voltage V o during strong coupling between the transmitter and receiver. Too high supply voltage could damage low-voltage filters, amplifiers, and image processing circuits [12, 13] inside the capsule. If the level of received power is too low, a tuning cycle is initialized to adjust parameters of the resonant circuit. The tuning is accomplished by activation of a binary counter, which counts the master clock CLK pulses. The set of MOS transistors M Q0 -M Q7 , connected to the counter outputs, switches the capacitors C 0 -C 7 belonging to C'' Rx and C' Rx matrixes. The capacitors in each matrix are binary-weighted, namely C 6 = 2C 7 , …, C 3 = 2C 4 , and C 1 = 2C 2 , C 0 = 2C 1 . The capacitor C 8 was selected to tune the coil L 1 to the nominal resonant frequency greater by 10%, thus a capability of retuning the resonant circuit within ± 20% was achieved. In the prototype solution C 8 = 634 pF, C 7 = 10.64 pF, C 2 = 1.3 nF, L 1 = 33 µH. Due to limitations of the technology used, all the capacitors are realized as off-chip. The power management system, depicted in to the tap, it is possible to insert a full wave rectifier before R L since a DC current path exists. This circuit can realize each of the design alternatives shown in Fig. 2 . When the condition |ωC" Rx | > 1/|ωL" Rx | is fulfilled the circuit realizes an equivalent of the matching circuit shown in Fig. 2a with an additional DC path, because the inductance L" Rx is overcompensated by the capacitance C" Rx at the working frequency ω. Otherwise, the circuit realizes the matching configuration presented in Fig. 2b . From a practical point of view, the first tuning variant is better, because it allows for wider tuning of the equivalent resistance R eq,Rx for a usable range of capacitances and inductances. For the assumed parameters, the equivalent resistance R eq, Rx varies from about 2 Ω to below 0.001 Ω for change of the load resistance from R L =2 kΩ to 18 Ω and the magnetic coupling 
Results of prototype circuit measurements
Operation of the designed tuning system has been practically tested using a prototype integrated circuit. Due to limited budget for prototyping, AMS CMOS 0.35 µm technology was used. For this reason part of the circuit, namely the matrix capacitors were designed as off-chip components. A rectangular transmit coil of dimensions 25×25 cm 2 and a circular receiving coil of diameter 1 cm were used for tests. To obtain high quality factors, the coils were wound with HF litz. The coils were tuned to the resonant frequency of 1 MHz. Examples of measured time response are illustrated in Fig. 7 . The plot in Fig. 7a shows the output voltage of a rectifier during tuning process. In order to show a complete cycle, the blocking of the counter was disabled. From the plot one can observe a gradual tuning of the circuit to the resonance with two jumps related to changes in matching of the rectifier impedance. The results show a significant impact of a proper matching of the rectifier impedance. The second plot in Fig. 7b shows a response of the regulator output voltage V o to abrupt change of output current. Change of current equal to ∆I o = 21 mA results in voltage drop ∆V o = 19 mV which indicates that the regulator output resistance is R o = 0.9 Ω. Other tests performed show that the developed receiver can be used to power endoscopic capsules with a maximum power consumption limited to 120 mW. A summary of important parameters of the prototype power management system is presented in Table 1 . 
Conclusions
A tuning method of a resonant circuit suited for wireless powering of miniature endoscopic capsules is presented and discussed. In order to practically test the proposed method, a prototype receiver for wireless power reception, fabricated in in AMS CMOS 0.35 µm technology, was designed. The measurement results show that the receiver automatically tunes to the frequency at which power is transmitted. After an initial frequency tuning, the system adjusts matching of a rectifier impedance so as to achieve a better condition for reception of energy. A relatively high efficiency of power reception was achieved by applying tuning and a power management circuit. The prototype system produces a stable supply voltage, adjustable in the range of 1.2-1.8 V, at a maximum output current of 100-67 mA, which is sufficient to power a typical endoscopic capsule.
